There are currently no drugs approved for the treatment of social deficits associated with autism spectrum disorders (ASD). One hypothesis for these deficits is that individuals with ASD lack the motivation to attend to social cues because those cues are not implicitly rewarding. Therefore, any drug that could enhance the rewarding quality of social stimuli could have a profound impact on the treatment of ASD, and other social disorders. Oxytocin (OT) is a neuropeptide that has been effective in enhancing social cognition and social reward in humans. The present study examined the ability of OT to selectively enhance learning after social compared to nonsocial reward in rhesus monkeys, an important species for modeling the neurobiology of social behavior in humans. Monkeys were required to learn an implicit visual matching task after receiving either intranasal (IN) OT or Placebo (saline). Correct trials were rewarded with the presentation of positive and negative social (play faces/threat faces) or nonsocial (banana/cage locks) stimuli, plus food. Incorrect trials were not rewarded. Results demonstrated a strong effect of sociallyreinforced learning, monkeys' performed significantly better when reinforced with social vs. nonsocial stimuli. Additionally, socially-reinforced learning was significantly better and occurred faster after IN-OT compared to placebo treatment. Performance in the IN-OT, but not Placebo, condition was also significantly better when the reinforcement stimuli were emotionally positive compared to negative facial expressions. These data support the hypothesis that OT may function to enhance prosocial behavior in primates by increasing the rewarding quality of emotionally positive, social compared to emotionally negative or nonsocial images. These data also support the use of the rhesus monkey as a model for exploring the neurobiological basis of social behavior and its impairment.
Oxytocin (OT) is a neurohypophyseal peptide that acts as a neuromodulator in the brain where it plays a key role in regulating social and emotional behaviors (Neumann et al., 2013) . In rodents, for example, OT is important for pair bonding and affiliation, social recognition, and alloparental care (Ross and Young, 2009 ). Because of these prosocial effects, the oxytocinergic system has emerged as a leading target for the development of novel pharmacotherapies for treating social impairments, like those seen in autism spectrum disorders (ASD; Guastella and MacLeod, 2012; Modi and Young, 2012) . Although nonapeptides, like OT and vasopression, are large molecular weight compounds that do not readily cross the blood brain barrier when given peripherally, several studies have now confirmed the effectiveness of an intranasal (IN) administration route for delivering these compounds to the central nervous system (CNS) in humans and animals (Born et al., 2002; Chang et al., 2012; Neumann et al., 2013; Striepens et al., 2013; Modi et al., 2014) . Using this method, studies have reported broad effects of OT on the perception of social stimuli including increasing the salience of the eyes in faces (Guastella et al., 2008; Andari et al., 2010) , altering the perception of facial expressions (Domes et al., 2007a,b; Fischer-Shofty et al., 2010; Gamer et al., 2010; Parr et al., 2013) , enhancing memory for face identity (Savaskan et al., 2008; Rimmele et al., 2009) , and decreasing social vigilance (Ebitz et al., 2013) . Additionally, several studies have proposed a positive relationship between OT and social reward (Strathearn et al., 2009; Hurlemann et al., 2010) . In a clever study, Hurlemann et al. (2010) examined the effects of OT on an implicit learning task when participants were reinforced with either social or nonsocial stimuli. Participants were required to categorize a series of 3-digit number strings into one of two randomly assigned categories. In the social condition, each trial began with the number string and a neutral face. After correct responses, the neutral face changed to a happy, smiling expression but after incorrect responses, the neutral face turned angry. In the nonsocial condition, the trial began with the number string and a black circle which turned green if the subject chose correctly and red if the answer was incorrect. These authors found that IN-OT enhanced subjects performance when reinforced with social compared to nonsocial images.
The positive relationship between OT and social reward has important implications for the development of treatments for individuals with ASD. For example, the Social Motivation Theory proposes that individuals with ASD fail to find social stimuli or social interactions intrinsically rewarding, thus contributing to their social impairments by reducing attention to social cues and dampening interest in social interactions (Dawson et al., 1998; Chevallier et al., 2012) . Neuroimaging studies have reported reduced activation in the striatum of individuals with ASD in response to social but not nonsocial (monetary) rewards (ScottVan Zeeland et al., 2010; Delmonte et al., 2012) . The striatum is a key structure in the brain's neural reward circuitry and is responsible for associating a reward value to specific behaviors. In the case of ASD, failure to develop rewarding contingencies between social stimuli and behavior could lead to impaired social learning, reduced social interest, and long-term deficits in social cognition. OT represents an exciting potential pharmacotherapy for the treatment of social impairments because any drug that could increase the salience of social cues and prosocial motivation, or enhance the rewarding value of social stimuli and interactions could significantly improve the outcome of existing therapies for individuals with ASD and related disorders. Examining social deficits in autism from the perspective of reward processing may lead to novel insights for potential treatments and interventions.
To date, several single dose studies using intranasal OT have shown promising results by improving attention to social cues and reducing repetitive behaviors in adults with ASD (Hollander et al., 2003; Andari et al., 2010; Guastella et al., 2010; Domes et al., 2013; Preti et al., 2014) . Despite these encouraging results, many questions remain including where in the brain OT is exerting its prosocial effects, its mechanism of action, the best way to administer peptides to young children, effects of repeated treatments, and the range of therapeutic doses (Churchland and Winkielman, 2012) . Animal models are critically needed to address these questions. Monkeys represent an ideal species for this purpose because the distribution of OT receptors in the brain has been mapped and rhesus monkeys share many of the same socio-cognitive behaviors with humans (Chang and Platt, 2013; Freeman et al., 2014) . However, only a handful of studies have examined the prosocial effects of OT in nonhuman primates (Winslow and Insel, 1991; Smith et al., 2010; Saito and Nakamura, 2011; Simpson et al., 2014) . Using an IN aerosolized (AE) administration procedure, Parr et al. (2013) reported that OT reduced monkeys' (N = 6) attention towards negative facial expressions, while increasing attention to direct vs. averted gaze faces. They concluded that IN-OT may reduce the negative, aversive, or threatening quality of social images which may, in turn, enable monkeys to engage in more prosocial behaviors and/or enhance social learning. Similarly, Ebitz et al. (2013) reported that IN-OT reduced social vigilance in rhesus monkeys, decreasing subjects' attentional bias to dominant faces, and diminishing the distraction caused by threatening facial expressions in a directed saccade task. Subject numbers for the tasks performed in this study ranged from 2-4. In a study directed more at social motivation and reward, Chang et al. (2012) reported that when monkeys (N = 2) were given the choice between rewarding themselves (with juice) compared to another monkey, they chose selfishly, an act not affected by IN-OT. However, if the choice was between rewarding another monkey vs. rewarding no one, IN-OT enhanced the subjects' choice to reward the other, suggesting that IN-OT enhanced social reward vicariously.
It was the goal of the current study to explore directly the influence of IN-OT on social reward in rhesus monkeys by modifying the experimental paradigm of Hurlemann et al. (2010) . Monkeys were trained to perform an implicit visual matching task in which correct answers were rewarded with food, in addition to either an emotionally positive or negative social (facial expressions) or nonsocial image (familiar objects). We hypothesized that, like humans, IN-OT would enhance socially-reinforced learning in our monkeys and that this would be greater when the reinforcing images were emotionally positive compared to negative.
METHODS

SUBJECTS
Four adult male rhesus monkeys (aged 6-13 years) were used in these studies. All were born into large social groups and motherreared for the first year of life at the Yerkes Primate Center field station. All had been used in previous studies of face processing and one prior study of intranasal OT and social attention (Parr, 2011; Parr et al., 2013) . All subjects were housed in same-sex pairs in the same colony room and were not food or water restricted for participation in these studies.
TESTING PROCEDURE AND STIMULI
Subjects were tested in their home cage using a touchscreen-based matching-to-sample (MTS) task. A custom panel containing a touchscreen monitor and opening for an automated feeder was inserted into the doorway of each subject's home cage. In brief, the MTS task first presented subjects with a 300 pixel stimulus (the sample) located centrally on the upper portion of the screen. After touching this stimulus, it disappeared from the screen and was followed by the presentation of two comparison images (155 × 155 pixels). If subjects contacted the correct comparison image, both were removed simultaneously from the screen and replaced by a centrally-located reward stimulus (500 × 500 pixels). This remained on the screen for approximately 4 s during the automatic delivery of a small food-reward. The screen then returned to black for an intertrial interval (ITI) of 1 s. After this, the next sample image appeared on the screen designating a new trial. If subjects selected the incorrect image, the screen immediately went black, there was no food reward, and the ITI was increased to 5 s. All subjects had been trained on the basic MTS procedures prior to this study (Parr, 2011) .
For the present study, subjects were presented with four different trials, each showing a unique combination of three different clip art images (the sample image plus two comparisons, per trial). The correct pair for each trial was chosen arbitrarily prior to testing and there was no obvious relationship between the matching pair of images in terms of content or shape. Sample images were presented in color and the comparison images in black and white to eliminate the potential use of color cue. To perform the task correctly, subjects simply had to remember which of the two comparison clip art images was rewarded and select it in subsequent trials. After the correct completion of each trial, subjects were presented with one of four "reinforcement" images, e.g., either positive or negative social or nonsocial image. The positive social image was a monkey play face and the positive nonsocial image was a picture of a banana. The negative social image was a monkey open mouth threat face and the negative nonsocial image was a picture of a cage lock. It was unknown how quickly subjects would learn the implicit matching task or when, if ever, ceiling effects would be achieved. In previous MTS studies, these same subjects routinely completed sessions containing up to 100 MTS trials without fatigue (Parr, 2011) . Thus, in this experiment, subjects were presented with a total of 80 trials, representing 20 different presentations of each of the four clip art matching trials. These were presented in a pseudorandom, counterbalanced order. To assess learning, performance was averaged across 10, 8-trial blocks, totaling the 80 trial session. Two testing sessions were performed overall for each treatment condition (OT and P) and each contained novel stimuli.
OXYTOCIN ADMINISTRATION PROCEDURE
Prior to testing, subjects were administered either a 48IU dose of OT (Sigma #06379, 1.71 µg/IU in a 2 ml volume saline) or 2 ml of saline placebo in aerosol form using a pediatric nebulizer. 1 This method has been proven effective in delivering OT to the central nervous system (CNS) in rhesus monkeys (Chang et al., 2012; Parr et al., 2013; Modi et al., 2014) . The same monkeys used here had been trained for this procedure for a previous study (Parr et al., 2013) . In brief, each subject was placed in a specially designed cage that contained a clear Plexiglas panel to which the nebulizer was attached. Also inserted into this panel was a small tube through which a slow stream (9 ml/min) of fluid reward (diluted yogurt) was delivered. This encouraged subjects to maintain their face in a position over aerosol stream and breathe through their nose while sipping the fluid. Subjects were required to sip on this tube for 4 cumulative min within a 7 min window while AE saline was delivered just below the nose of the subject through the nebulizer tube. Given the broad range of doses and administration routes used in previous animal and human studies, no attempt was made to correct the dose for subjects' body weight (Guastella et al., 2013) . Weights of subjects ranged from 7 to 15 kg. For each task, the order of treatment condition (placebo vs. OT) was counterbalanced across subjects for the two testing sessions. Half of the subjects were first tested in Placebo condition while the other half received the OT condition and this order was then reversed in session 2. Testing on each treatment condition was separated by a minimum of 7 days. Testing began ∼60 min after dosing, comparable to the peak of OT in CSF (Chang et al., 2012; Modi et al., 2014) . During this time, subjects rested in their home cage. After 60 min, a custom designed touchscreen panel was attached to the subject's home cage to administer the task. All procedures were approved by the Institutional Animal Care and Use Committee of Emory University and were in compliance with regulations governing the ethical treatment of animals.
DATA ANALYSIS
An initial repeated measures ANOVA was performed to determine whether performance differed between the two testing sessions. Performance was then analyzed using a full factorial repeated measures ANOVA that contained 2-levels of treatment condition (OT vs. P), 2-levels of social content (social vs. nonsocial), and 10 levels of trial block as the within-subject factors. Because treatment conditions were performed on different days, subsequent analyses compared the influence of social content (social vs. nonsocial) on performance (N = 10 trial blocks) separately for each treatment condition. A final repeated measures ANOVA was performed comparing the effect of emotional valence (positive vs. negative) and social content (social vs. nonsocial) on subjects' 1 www.pari.com performance. Follow-up analyses were performed using paired ttests, where appropriate. Levels of significance were set at p < 0.05 (two-tailed) and effect sizes are reported.
RESULTS
An initial repeated measures ANOVA revealed no main effect of testing session, F (1,1) = 1.42, p = 0.45, so the data were combined and subsequent analyses were performed on the complete dataset.
A repeated measures ANOVA was first used to examine the effects of treatment condition (OT vs. P), social content (social vs. nonsocial), and trial block (n = 10) on subjects' task performance. This revealed main effects of social content, F (1,3) = 29.10, p = 0.012, eta 2 = 0.91, and trial block, F (9,27) = 2.80, p = 0.018, eta 2 = 0.48. Subjects performed significantly better on trials that were reinforced with social vs. nonsocial images (73% vs. 52%, respectively), and performance showed a significant improvement across the 10-trial blocks, linear: F (1,3) = 12.15, p = 0.04, eta 2 = 0.80. There was also a significant interaction between treatment condition and social content, F (1,3) = 11.49, p = 0.043, eta 2 = 0.79. To further examine this interaction, a follow-up analysis compared performance on the social vs. nonsocial trials within each treatment condition. This revealed significant effects of socially-reinforced learning, e.g., improvements in performance after social vs. nonsocial reinforcement, for in both treatment conditions but this effect was considerably stronger for the OT, t (3) = 6.26, p = 0.008, compared to Placebo, t (3) = 3.78, p = 0.032, condition. Figures 2, 3 show the mean performance across trial blocks for the social and nonsocial trials in the Placebo and OT conditions, respectively.
The decision to give subjects 80 trials to assess sociallyreinforced learning was based on the need to provide a large enough number of trials to ensure that some learning would take place but also understanding that ceiling effects may occur, particularly towards the end of the testing session. Therefore, to assess differences in the rate of learning across the 80-trial sessions, we conducted a series of post-hoc analyses on the data presented in Figures 2, 3 that increased the number of trial blocks in a stepwise manner to determine how many blocks would be needed before learning effects could be detected in each treatment condition. These results can be seen in Table 1 . This revealed consistently stronger and sustained effects of treatment condition and treatment condition by trial block interactions for socially-reinforced trials in the OT compared to Placebo conditions. Finally, to determine whether the emotional valence of the reinforcement stimuli (positive vs. negative) influenced subjects' performance, an additional repeated measures ANOVAs was performed for each treatment condition using social condition (social vs. nonsocial), valence (positive vs. negative) and trial block (10) as the within-subject factors. In the Placebo condition, there was a main effect of trial, F (9,27) = 2.89, p < 0.02, eta 2 = 0.49, showing that performance improved over time. No other main effect or interaction reached significance. In the OT condition, however, there were significant main effects of social condition, F (1,2) = 35.27, p < 0.03, eta 2 = 0.95, and stimulus valence, F (1,2) = 96.59, p < 0.01, eta 2 = 0.98. Performance was significantly better after social compared to nonsocial reinforcement (social = 74% vs. nonsocial = 48%) and when the reinforcement images were emotionally positive compared to negative (positive = 66% vs. negative = 55%).
DISCUSSION
This study is the first to demonstrate an enhancing effect of OT on socially-reinforced learning in a nonhuman primate, the rhesus monkey. The analyses revealed two main findings that were independent of treatment condition and confirm the validity of our experimental design. First, as expected, subjects' performance improved steadily over time, revealing significant effects of learning on a simple implicit, visual matching task within a single 80-trial session. Demonstrating the ability of this task to elicit learning within a single trial block was extremely important since the effects of OT begin to degrade an hour after administration (Chang et al., 2012; Modi et al., 2014 ). Additionally, this task has high translational value as it was adapted from a study of socially-reinforced learning in humans (Hurlemann et al., 2010) and is highly amenable to repeated testing within subjects by simply changing the matching pairs of images. The second main finding was that subjects performed better after being reinforced with social stimuli (plus food) compared to nonsocial stimuli (plus food). In this experiment, social stimuli consisted of speciestypical facial expressions, play faces and open mouth threats, while nonsocial stimuli consisted of object categories that were familiar to the subjects, bananas and cage locks. It should be noted that the manner in which subjects were rewarded in this study differed from the procedures used in the original human study (Hurlemann et al., 2010) . As stated earlier, the testing procedure for humans was to reinforce subjects with a positive social or nonsocial image when the response was correct and use negative social or nonsocial images when the responses were incorrect, thus providing a type of punishment. However, for the present study, food rewards were necessary to reinforce the monkeys' behavior and provide positive feedback for successful performance on the task. If the incorrect trials were not food rewarded, but rather followed by negative images, one could not dissociate whether any observed learning in the monkeys was due to the presence of the negative image, or the absence of the food. Thus, correct responses by the monkeys were always rewarded with food but additionally reinforced with an image, while incorrect responses were never followed by food or image presentation.
Importantly, this study also demonstrated that the effect of socially-reinforced learning was enhanced, subjects learned faster and performed better, after OT compared to placebo treatment. In the OT condition, performance was significantly better for the trials reinforced with social compared to nonsocial images across each of the 10 trial blocks, whereas this finding was much weaker and occurred across a smaller number of trial blocks in the placebo condition. Therefore, similar to humans (Hurlemann et al., 2010) , these results confirm the ability of IN-OT to enhance socially-reinforced learning in rhesus monkeys. Future studies should examine these findings with greater detail using a variety of social and nonsocial images paying special attention to the salience of the images, in addition to their social content. It is possible that the social images used in the present study, e.g., facial expressions, elicited greater attention than the nonsocial images due to their overall salience. While this is interesting and the salience of facial expressions is undoubtedly tied to their social nature, it would be informative to delve further into the extent to which the OT-enhanced effects of learning reported here are really unique to social stimuli, or whether they could extend to other highly salient but nonsocial categories. Interestingly, the worst performance in this study occurred in the placebo condition for trials reinforced with the positive, nonsocial stimulus, e.g., the banana. While this is difficult to interpret, perhaps strong interest in this desirable food item produced a type of appetitive interference which inhibited any reinforcing effects on learning.
Finally, subjects' performance was also influenced by the emotional valence of the reinforcement images, positive or negative. There were no significant effects of stimulus valence or social content in the placebo condition. However, in the OT condition, subjects performance was significantly better when subjects' were reinforced with social compared to nonsocial images, e.g., socially-reinforced learning, and their performance was significantly better when the reinforcing images were emotionally positive compared to negative, but the interaction between social content and stimulus valence was not significant. Again, this result confirms the overall findings that OT enhances socially-reinforced learning and that positive social stimuli facilitate learning. In general, the valence effects found in monkeys are consistent with reports from human studies showing that IN-OT does not affect the perception of all social stimuli the same way, rather it can selectively affect the perception of positive or negative emotional stimuli, depending on the nature of the task (Domes et al., 2013) .
There has been some debate about the general mechanisms behind the effects of OT on primate behavior, both in humans and animals (Churchland and Winkielman, 2012) . OT, a large molecule peptide, is unable to cross the blood brain barrier if administered peripherally. However, an early study in humans showed that a related peptide, vasopressin, was able to achieve central penetrance after IN administration (Born et al., 2002) , possibly through a "direct transport route" where OT obtains rapid access to the CNS through numerous perineuronal spaces in the nasal cavity where it can then enter the CSF (Veening and Olivier, 2013) . Moreover, a recent study has now reported that IN-OT administration in humans does increase central concentrations of OT (Striepens et al., 2013) . However, the procedure for administering IN-OT to humans is very precise and tightly controlled. Subjects are instructed to self-administer the OT spray by closing one nostril and deeply inhaling (sniffing) as they spray the OT into the open nostril. A typical dose of OT nasal spray (Syntocinon, Novartis) is 24IU which corresponds to 6, 4IU squirts, three given to each nostril. Nonhuman primates cannot easily be trained to follow these procedures that require them to actively sniff as the spray is delivered by a human experimenter. Instead, primate researchers have adopted a modified IN procedure using a passive breathing method where OT is delivered in aerosol form using a nebulizer. Chang et al. (2012) were the first to demonstrate that an AE IN route is effective in increasing the central penetrance of OT in rhesus monkeys. Our group has further compared several methods of OT administration in rhesus monkeys, including IN, AE and intravenous (IV) and found that only the AE was effective in elevating central OT levels . Additionally, these studies also report large and long-lasting elevations of peripheral OT in blood after all administration routes and thus the behavioral effects of IN or AE OT could also be influenced by positive feedback from peripheral OT receptors (Neumann et al., 2013; Veening and Olivier, 2013) . The importance of this discussion is that working with young human infants presents many of the same methodological challenges as monkeys, thus the AE method may actually represent the most effective and least stressful method for administering IN-OT in this population.
The results of the present study have important implications for the development of treatments for social deficits, such as those observed in individuals with ASD. According to the social motivation theory of autism, individuals with ASD fail to find social stimuli rewarding, reducing their attention and/or willingness to interact with others (Chevallier et al., 2012) . This lack of social interest can have long lasting effects on the developing social brain and may contribute substantially to the social communication deficits that comprise a core symptom of ASD. Neuroimaging studies during an implicit learning task in which subjects were reinforced with social (faces) vs. nonsocial (money) rewards, found greater activation in the brain's reward circuitry, the anterior cingulate cortex, ventral prefrontal cortex, and striatum, in response to the social reward condition in typical compared to individuals with ASD. This study suggests that neural reward circuitry may be dysregulated in individuals with ASD compared to typicals, supporting the social motivation theory (Scott-Van Zeeland et al., 2010) . Interestingly, differences in the activation of reward circuitry between ASD and control individuals were only found using a between-group analysis. Within the ASD group, this study did not find differences in reward circuitry in response to social vs. nonsocial reward and, interestingly, studies have reported typical reward circuitry activation in individuals with ASD in response to their preferred objects, e.g., those valued by the subjects like trains and electronics (Dichter et al., 2012) . This finding has important treatment-related implications as it suggests that the general reward circuitry of the ASD brain may not be completely dysregulated, rather it may not be activated by typical social rewards, like faces. Considering these findings, it may be possible to use IN-OT in combination with behavioral therapies to increase the rewarding quality of typical social stimuli, like eyes and faces, in children with autism, or at risk for developing ASD, to advance social learning and perhaps alleviate some of the more long-lasting deficits observed in social cognition. 
ACKNOWLEDGMENTS
